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Radi obiology is th e study of th e effects of ionizing radiation 
on living things. These effects may be investigated in the whole 
organism and/or at the tissue, cellular , and molecular levels. 
Studies of the biological changes induced by ionizing radiation 
began short ly after Roentgen's discovery of x- rays in 1895. It 
was soon demonstrated that x-rays had a unique ability to 
penetrate cells and to deposit energy within t hem in random 
fashion. Although most early investigations were conducted 
with electromagnetic radiation (x-rays or gamma rays), partic-
ulate radiat ions (electrons, neutrons, protons, alpha particles, 
etc.) have also been widely studi ed in recent years. 
Progress in the study of radiobiological effec ts has accelerated 
enormously in the past 2 decades, aided particularly by the 
development of ma mmalian cell culture and cell synchroniza-
tion techniques. . 
Space limitations preclude a comprehensive review of radio-
biology here and only the salient aspects of the cellular effects 
of radiation are discussed. Important subj ects, among others, 
that have necessarily been omitted include lethal, potentially 
lethal, and sublethal damage, radiation repair processes, rela-
tive biological effectiveness, radioprotectors, dose fractionation. 
effects, newer radiation modalities and the late consequences of 
radiation exposW"e. The discussion of radiosensitizers has been 
limited and no detailed consideration can be given here to the 
subject of tumor cell kinetics and the radiation therapy of 
malignancies. 
MECHANISMS OF RADIATION INJURY 
Ionizing radiation induces injury by the ejection of fast elec-
trons from atoms in t issues or inside cells. These ejected elec-
trons lose energy as they interact wit h molecules in their 
pathways, causing ionizations and excitations. Energy deposi-
tion oCCW"S in discrete packets, distributed in low density (up to 
a few hundred nanometers between events) for electromagnetic 
radiation and in much higher density (to a fraction of a nano-
meter) for densely ionizing particula te radiation, such as alpha 
particles. Much of the absorbed radiation energy produces 
excited molecules, rather than ionizations, and this excitation 
process is largely dissipated as heat. It is principally the ioni-
zation events t hat lead to biochemical 'changes, which mayor 
may not be reversible. These ionization events ar e derived 
largely from the indirect action of radiation , which generates 
free radical formation from the ionization of water molecules. 
Free radicals are atoms or molecules which carry an unpaired 
electron in t he outer orbita l sh ell and hence are highly unstable 
and chemically reactive. Since cells contain 80% water by 
weight, m ost cellulaT radiation damage is mediated by hydro-
gen, hydroxyl, and hydrated electron free ra di cals. In the pres-
ence of oxygen, additional oxidizing produc~s, such as hy~ITo?en 
peroxide, are form ed (1,2]' Overall, free radicals have a lifetime 
of 10- [' seconds before a react ion or recombination with another 
molecule occurs. In their short life-t ime, however, free radicals 
prod uce a wide variety of chemical reactions in critical and less 
crit ical cell and t issue molecules. (For example, up to 75% of x-
ray damage to DNA may be induced by the hydroxyl radical). 
But hours, days, weeks or longer may elapse before the resulta nt 
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biological, biochemical, and metabolic cha nges become appar-
en t. 
CELLULAR EFFECTS OF RADIATION 
R eproductive Failure (Mitotic inhibition) 
The principal mode of postradiation cell death is reproductive 
failure. Most cells are incapable of susta ined proliferation after 
dose exposures of a few hundred rads. Lethally irradiated cells 
do not usually degenerate immediately; followin g one to several 
normal cell division cycles, they die during or after an abnormal 
mitosis. This phenomenon oCC W"S in both normal and malignant 
cells and is a dose-dependent event (3], especially between 
doses of 100-1000 rads. In that dosage range, nonsurviving cells 
usually undergo from 1-5 postradiation division cycles; the 
la rger the dose the smaller the number of postradiation mistoses 
(3]. (At a gross level this phenomenon explains the delay 
encountered in the observation of certa in postradiation effects 
on normal tissues and tumors, and on aGute radiation death ). 
Some sUTviving cells form giant cells which are metabolically 
active but fail to replicate. 
In a few cell lines cell death occurs within hours postradiat ion 
(interphase death). This phenomenon is umelated to the cell 's 
stage in the division cycle and may occur in noncycling cells 
such as small, mature lymphocytes after exposure to as little a 
25 rads, for example. 
Loss of cellular reproductive integrity can be convenient ly 
assayed as colony formation by cell culture techniques [4]. Thi 
permits the construction of so-called cell survival cW'ves for a 
wide variety of cell lines. The fraction of surviving cells, which 
is dose-dependent, is plotted on a logarithmic scale against dose 
on a linear scale (Fig 1). For more densely ionizing paTticle 
(such as neutrons) the dose response curve approximates a 
straight line. For sparsely ionizing radiation (x-rays) the dose 
response curve has an initial shoulder, followed by a straigh t 01" 
exponential portion of the cw've. The radiation dose required 
to reduce the number of clonogenic cells to 37% of their former 
value is designated Do. The D o values for cell lines cultured ill 
vitro almost invariably fall into a narrow range of about 100, 
200 rads (Fig 2) . Some descendants of surviving cells may show 
delayed growth ("small colony formation") for up to a year or 
longer in cell cultW"e (5], partly as a result of prolonged celi 
cycle times (6]. Some evidence for delayed growth in mamma, 
lia n cells has also been found in vivo [7 ,8]. 
Interestingly, D o cW"ves for normal and malignant cell line 
in vivo usuaUy span the same dose range (100-200 r ads) a 
those found f01' in vitro studies [9-11). 
Despite extensive studies the macromolecular and biochem-
ical mechanisms leading to postradiation cell death are not fully 
explicable. Investigations of this problem are complicated by 
the fact that cell death or survival depends on 2 separate serie 
of events: effects leading to the expression of postradiation 
damage on the one hand and processes responsible for the 
repair of that damage on th~ other. Most cytoplasmic metabolic 
processes are highly radioresistant and both RNA [12] and 
protein synthesis [13) are appreciably so. Radiation-sensitive 
cell sites, then, are largely situated in the nucleus [14-16]. 
N uc1ear A TP synthesis and phosphorylation are radiosensi tive 
processes, although their radiosensitivities vary widely in dif-
ferent cell lines (17-19]. In one study defi cient DNA synthesi 
was demonstrated in the immediate postradiation cell genera-
tion [20]. These authors have postulated t hat unrepaired or 
maJrepaired single-strand breaks are involved in mitotic death. 
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FIG 1. Survival curve for Chinese hamster cells in culture exposed 
to x-rays. (Taken from Elkind MM , Sutton H: Nature 184:1293-1295, 
1959. Redrawn by Hall EJ: Radiobiology for the Radiologist, 2nd ed, 
Harper & Row, Hagerstown, Mru'yland, 1978, p 36. Reprinted by 
permission of the authors, MacMillan J ournals, Ltd, and Harper & 
Row). 
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FIG 2. Survival curves for vru'ious types of clonogenic mammalian 
cell lines irradiated with 300 kv x-rays. Curves: 1, mouse hematopoetic 
cells; 2, mouse lymphocytic leukemia cells L5178Y; 3, T1g cultured cells 
of human kidney origin; 4, rat rhabdomyosarcoma cells; 5, mouse 
intestinal crypt stem cells. (From Broerse JJ , Bru'endsen GW: CUlT Top 
Radiat Res 8:305-350, 1973. Reprinted by permission of the authors 
and North Holland Publishing Co.) 
Inhibition of nuclear and mitochondrial phosphorylation may 
be a significant event in interphase death (19). 
DNA EFFECTS AND CHROMOSOMAL DAMAGE 
Among possible radiation targets there is good evidence that 
DNA plays a central role as a nuclear radiation-sensitive site 
[21], although DNA synthesis per se is rather radioresistant 
[22]. Differences in numbers of chromosom e sets (ploidy) in 
m a mmalian cell lines are associated with differences in radia-
tion sensitivity; the correlation between DNA content and 
radiosensitivity has been demonstrated for many vU'uses, bac-
teria, and mammalian cell lines [23). Kilorad doses delivered in 
vitro produce base destruction and chain breakage in phos-
phate-ester bonds, but lower doses (near the D o level) damage 
few molecules. 
Ionizing radiation inhibits the uptake of DNA precursors 
e'C-adenine, I'IC-thymidine, etc.) . In certain t issues such 
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as regenera t ing liver, impau'ed DNA formation results from the 
inhibited synthesis of kinase and DNA polymerase in late G I 
phase [24,25). Studies with H eLa cells irradiated in G I phase 
demonstrated marked, dose-dependent reductions in DN A syn-
thesis in the next cell generation [26). Cells destined to survive 
irradiation synthesized about 80% of the normal amount of 
DNA in contrast to 30% for cells dying in the next mitosis 
[26). T hese studies suggest that postradiation reductions in th e 
uptake of DNA precursors may have predictive value for s w'-
vival in the next cell generation. 
Ove rall , th ere are apparently 2 components to radiation 
effects on DNA synthesis, a radiosensitive component which 
r eflects damage to the biochemical pathways of precursor syn-
thesis, and a radioresista n t component associated with da mage 
to the DNA template [27,28). More recen t studies suggest that 
replicon initiation is the sensit ive component [29). Saha and 
Tolmach [30] have reviewed the possible effects of irradiation 
on DNA synthesis in some detail . 
The pioneer work of Muller [31] first established that x-rays 
produce mutations in the fruit fly (Drosophila melanogasler) . 
Genetic damage from irradiat ion may occur in the gene at the 
molecular level or in the chl'omosome at the cellular level. 
Nonlethal mutations may be transmitted to futme cell genera-
tions. Gross cru'omosom e breaks, visible microscopically, appear 
in interphase and may occm after exposures of only a few rads, 
as in human leukocytes [32]. These breaks may rejoin in th eir 
normal configuration (about 95% of initial breaks are resti -
tuted) , fail to rejoin (deletion occurring during th e next mitosis), 
or rejoin with segments from other chl'omosomes. Chromosome 
(single-strand) and chromatid (double-strand) aberrations may 
result, depending upon the cell cycle stage at the time of 
irradiation. Gross cru'omosome changes may result in reproduc-
tive cell death, and it seems likely that primary radiation-
induced cell killing results largely from irrepa rable damage to 
genetic material . Less drastic post-radiation alterations may 
induce gene mutations. 
Some effects of cell cycle age on chromosome radiosensitivity 
have been demonstrated. G I phase is relatively radioresistant, 
but sensitivity increases in Sand G2 phases [33]. Mitosis is a 
highly radiosensitive phase for a berrations [34]. Noncycling 
cells are far more resistant to radiation-induced chromosomal 
aberrations than cycling cells. 
The frequency of cru'omosomal breaks is proportional to the 
radiat ion dose, varies with dose rate [35], and is reduced by 
dose fractionation [36]. 
The repair of x-ray induced single-strand breaks in mamma-
lian cells [37] is probably dependent on protein synthesis, ATP 
production, and both DNA and RNA synthesis [38]. Fw·ther -
more, unscheduled DNA synt hesis, which occurs after x-ray 
irradiation, may also par t icipate in DNA repair [39,40]. Repair 
processes are rapid, occurring largely within 2 hI' postradiation 
[41,42]. 
Irrepal'able genetic damage must contribu te substant ially to 
postradiation cell deat h and there is som e, though variable, 
correlation between sensitivity to cell killing and gross chro-
mosomal aberrations. However, other factors must also be 
in volved, since sensi t ivity to mitotic inhibi t ion and recovery 
related to cell cycle stage differs from sensit ivity to chromo-
somal aberrations [43), a nd since ce l1 killing is independen t of 
dose rate over a wide dose range, which is not usually true for 
cru'omosomal abnormalities. 
CELL CYCLE AGE AND RADIOSENSITIVITY 
T he " law" of Bergonie and Tribondeau [44) states that 
radiosensitivity varies dil'ectiy with th e rate of cell division a nd 
inversely with the degree of cellulm' function and morphologic 
differentiation . As with most laws there are except ions: not all 
radiosensitive cell lines (small lymphocytes, for example) moe 
proliferat ing. Nonetheless, cells in the division cycle are gener -
ally more radiosensitive than nondividing cel1s, as m easured by 
several different parameters of radiation damage. Moreover , 
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FIG 3. Cell survival curves obta ined for Chinese hamster ce lls ex-
posed to x- rayS at va rious stages of the ce ll cycl e. Th e do tted line is a 
plot for M cells, showing a dose-modifying facto r of 2.5, which might be 
expected for anoxic conditions. T he lalter indicates that cyclic re-
sponses to rad iation are approximate ly of the same order as the oxygen 
effect in dose modification (see below) (47]. (Reprinted by permiss ion 
of t he author and Academic Press). 
among actively dividing cells, radiosens it ivity is much greater 
in some phases of the cell cycle than in others (45]. 
Experimental da ta on a variety of radiation effects (cell 
survival , chromosomal aberrations, division delay, etc.) have 
been derived in good part from in vitro stud ies of partially 
synchronized prolife rating cell lines. Synchrony can be achieved 
by a variety of techniques including selective harvesting of 
cells dW'ing mitosis, cell cycle phase blockade, particularly with 
DNA inhibitors such as methotrexate or hydroxyurea, selective 
killing by induced "suicide" with :'H-thymidine, and others 
[46]. Survival data [47] for most cell lines with short cell cycle 
t imes have revealed that G2 a nd M cells ar e the mos t radiosen-
sitive (Fig 3). Early G , cells are less sensit ive, although radi-
osensitivity ' increases in late G, and in early S phase cells . 
Sensitivity again declines to a minimum in late S phase [45,48-
50]. In an early study of cell cycle age responses to irradiation, 
Terasima a nd Tolmach [51] showed that in synchronized H eLa 
cells exposed to 300 r ads, radiosens iti vity varied by a factor of 
2.5 throughout the val'ious stages of t he cell cycle. However , 
later studies revealed that relative qua ntitative differences in 
cell survival between cells in different stages of the cell cycle 
increased with increasing radiation dosage [50]. These data 
indicate that pharmacologic or other agents, acting partially to 
synchronize cell populations in specific stages of the cell cycle, 
may significantly a lte r cellulru' radiosens itivity. Exogenously 
induced cycle-related radiosensit ivity has obvious theoretical 
implications for t he cru'efully t imed radiation treatment of 
tumors and perhaps, . under very special circumstances, for 
certain hy perprolifera tive benign diso rders as well. 
DIVISION DELAY 
An important effect of ion izing radiation on proliferating cell 
populations is the occurrence of reversible division- delay, first 
demonstrated in t issue culture experiments 55 yr ago [52]. The 
most sign ificant ar rest in cell cycle progression occurs in G l 
phase, result ing in a reduced mitotic index. The duration of 
delay is greatest for cells irradiated in G l , less for cells irradiated 
in S phase, and least for G, cells [51,53]. An inevitabJe cell 
popu lation build-up occurs during the G~ phase delay. When 
t his arrest is dissipated the accumulated cells divide semi-
synchronously, producing a brief mitot ic "overshoot." In the 
ra nge of 200-1000 rads the du ratio n of the G2 arrest is dose 
Vol. 77, No.1 
related and lasts, for some cell lines, about a n hour for every 
100 rads delivered [3]. 
In addition to the Gz delay some delay in the progression of 
S, G , and M phases has been found in certa in irradiated cell 
lines [51,54,55]. 
Radiation-induced division delays develop immediately 
postradiation and appear to occur in almos t all mamma lia n cell 
lines. Interestingly, the occurrence of progression blocks is 
entirely independent of postradiation cell survival , suggesting 
that the pathomechanism for this effect is entirely unrelated to 
that of reproductive failure [3]. 
Explanations for the possible mecha nism of postradiation 
division delay have been varied. Impa ired protein synt hesis 
needed, perha ps, to repall' cellular damage may be a significa nt 
fa ctor [56-59]. It has also been suggested that breakdown of 
preformed protein or cell structuJ'es related to imminent cell 
division might account for this radiation effect [60] a nd t hat 
maximum delay in Gz might simply reflect th e gl'eater abun-
dance of the substance (s ) in tha t phase of the cell cycle [61). 
The cell "target" sites for radiation-induced progression delay 
a re apparently nuclear or situated in the cytoplasm contiguous 
to the nucleus [62]. 
RADIATION MODIFIERS 
Certain chemical, pharmacologic, a nd physical age nts have 
been found to modify th e biological effects of radiation when 
present or induced in cells before, during, or after exposure. 
Only 3 agents producing radiosens itization will be discussed 
here. 
a. Oxygen 
One of the earliest radiation sensitizers studied was molecular 
oxygen [63]. In a lmost all mammalian cell systems, the effec-
t iveness of radiation is increased by the add ition of oxygen to 
very low prevailing oxygen pressures of 0-30 mm Hg. Generally, 
no furth er enhancing effects of oxygen are observed at pressw'es 
above 30 mm Hg even for pure oxygen administered at high 
pressure. S ince oxygen tensions in venous blood and lymph ar e 
in a range of 20-40 mm Hg, most, though not all, normal tissues 
are well-oxygenated and maximally sensitive from a radiobiol-
ogica l viewpoint. Within tumors, howeve r, loci of poorly vas-
cularized tissue comprise hypoxic a reas in which radiosensit iv -
ity is critically reduced. 
The shapes of cell survival curves resulting from llTadia tion 
under hypoxic versus oxic conditions are the same, but the dose 
required to produce a given degree of biological da mage is 
diffe ren t. The ratio of D o's with and without significant oxygen 
levels is termed the oxygen enhancement ratio (OER) a nd, for 
a given cell line exposed to low LET radiation (x-rays), this is 
usually in the range of 2.5-3.0 [64,65]. For densely ion izing 
radiation (0: particles), however, there is no significant radiation 
effect of oxygen, a nd for radiation of intermediate ionizing 
density (neutrons) the OER is about 1.6 (Fig 4-6). 
For the oxygen effect to be observed, oxygen must be present 
during the t ime of r adiation exposure or within a bou t 5 msec. 
after llTacliation [66-68]. 
The rad iosens itizing effects of oxygen ar e mediated by free 
radical (0"- and H 20 l ) and H Z0 2 forma tion [2]. Oxygen also 
reacts directly with organic fTee r adicals produced by radiation, 
resulting in the formation of peroxy radicals which canno t be 
altered by normal repall' processes. 
The impor tance of the oxygen effect in clinical rad iotherapy 
has been underscored by t he demonstration of anoxic fo ci in 
tumor cells, first recognized by Gray et a l in 1953 [69]. Nutrition 
and oxygen supply to tumor cells fi'om regional blood vessel 
become progressively impa ired to the point of central necrosis 
when tu mor cords or foci reach diameters of 150-200 microns 
[70]. Between well-oxygenated peripheral cells and central a n-
oxic (necrotic) cells are zones of hypoxic cells where oxygen 
tension is high enough to support cell replication but low 
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enough to afford some protection against ionizing radiation. 
The principal clinical attempt to overcome hypoxic effects has 
utilized fractionated treatment schedules, which theoretically 
kill well-oxygenated cells, thereby reducing overall tumor cord 
cell populations and resulting in better oxygenation of surviving 
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FIG 4-6. Oxygen enha ncement ratios (OER) shown for variou types 
of radiation. X- rays show a large OER of 2.5. For a-particles the OER 
is uni ty. The OER for neutrons (1 5-MeV d ..... T) is intermediate between 
these extremes. (Taken li'OJTI Barendsen GW, Kool CJ, van Kersen GR, 
Bewley DK, Field S W, Parnell CJ: Int J Radiat Bioi 1O:3J 7-327, 1966, 
and Broerse JJ , Barendsen GW, van Kersen GR In t J Radiat BioI 13: 
559-572, 1967. Redrawn by Hall EJ: Radiobiology for the Radiologist, 
2nd ed, Harper & Row, Hagerstown, Maryland, 1978, p 83. Reprin ted 
by permission of the authors, Taylor & Francis, Lt.d, and Harper & 
Row) . 
hypoxic cells. High LET radiation was also reintl'Oducd some 
years ago in an effor t to reduce the protective effect of hypoxia 
[71], and is currently undergoing widespread clinical trials. 
b. Electron A ffinic Agents 
A recent importa nt development in the use of radiosensitizing 
agents has been the investigation of electron affinic agents, 
compounds which mimic oxygen and selectively sensitize hy-
poxic cells [72,73]; electron affinic agents bind selectively to 
critical macromolecules in hypoxic cells after radiation-induced 
reactions with free radicals. T his action effectively blocks intra-
cellular repair processes. The binding of electron affinic agents 
to natUJ'aIly occurring, SH-containing radiation protectors may 
also enhance t heir radiosensitizing potential [74). . E lectron af-
finic agents are superior to t he use of hyperbaric oxygen because 
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they diffuse over greater distances than oxygen, and, metabol-
ically, ar e much more slowly inactivated. Since hypoxic cells 
ar e found essentially only in tumors and since normally oxygen-
ated cells are not radiosensitized, the potential usefulness of 
these agents in radiotherapy is obvious. 
The principal compounds investigated to date have been the 
nitroimidazoles, of which metronidazole (Flagyl) was initially 
the most widely used. In vitro a nd in vivo, metronidazole 
increases hypoxic cell and tumor radiosensitivity by 30-70% 
[75,76] (Fig 7) . Widespread clinical trials with the combined use 
of metronidazole and irradiation for tumor therapy have dem-
onstrated some initial success (77]. Misonidazole (1-(2-nitro-l-
imidazolyl)-3-methoxy-2-propanol] has superior radiosensitiz-
ing potential [78] and its clinical effectiveness in early trials has 
also been encouraging [79]. Use of this dxug, however, has been 
limited by the occmrence of neurologic toxicity [80], which is 
not confin~d to hypoxic cells [81]. Some reduction in cytotoxic 
potent ial, especially for the central and peripheral nervous 
systems, is currently being sought in the development of less 
lipophilic compounds (74]. 
c. Hyperthermia 
In the past decade enormous interest has been re-awakened 
in the effects of hyperthermia alone, or in combination with 
ionizing radiation and/or cyto toxic agents, on normal and ma-
lignant cells [82,83]. H eat kills cells at temperatures of 41.5 °C. 
or higher following profound damage to, or denaturation of, 
critical structmal proteins and chromosomal and/or repair pro-
teins, alterations in plasma cell membrane permeability, de-
creased transport rates for ribosomal RNA precmsors, impau'ed 
DNA, RNA, and prote in synthesis and release of lysosomal 
hydrolases. Whether ' malignant cells are more sensitive to hy-
perthermia effects than normal cells is uncl ear, but certainly 
tumors a re more heat-sensitive than normal tissues. 
For tempeJ"atm es of 43°C. or higher, the resulting cell sur-
vival curves are similaJ to those seen after ionizing radiation 
[82]. Comparisons of heat and x-ray effects show that the 
amounts of energy required and the precise mechanisms in-
volved in cell killing are very different for these 2 agents. There 
al"e also wide differences (by factors up to 100, versus 2 for 
. radiation) in heat sensitivity for different cell lines in vitro. Cell 
reactivity to x-rays and to heat varies with cell age in the 
division cycle. Middle to late S phase, the most radioresistant 
phase, is the most sensitive to h yperthermia [84,85]. Also, for 
comparable cell-killing effects in proliferating cells, heat causes 
Vol. 77, No. 1 
several-fold gl'eatel" division delays [86]. Lastly, hypoxic cells 
are as sensitive or more sensitive to hyperthermia than well-
oxygenated cells, contrasting sharply with the 2.5-3 times 
greater doses of x-rays required to kill poorly oxygenated cells 
[87]. 
Hyperthermia-induced radiosensitization was fU'st demon-
strated by Belli and Bonte [88]. An increased slope and/or 
reduced shoulder may be seen in cell survival curves plotted 
after dual agent administration. S phase cells are selectively 
sensit ized and hyperthermia largely eliminates the cell cycle 
phase sensitivity differences seen with radiation alone. H yper-
thermia also impedes repair of x-ray induced potentially lethal 
damage and, possibly, sublethal damage as well [82]. Hyper-
thermia-radiosensitizing effects are greater for temperatures 
above 43°C. when heat is administered before radiation; at 
lower temperatures, effects are enhanced by post-radiation 
heating. Synergistic effects require administration of both treat-
ment modalities within about a four houl" period. After a single 
combined-agent treatment, thermal enhancement ratios for a 
variety of cell lines range up to 2.3, but are lower for fractionated 
treatment schedules because of the development of thermal 
resistance. Heat effects are reduced with the use of high LET 
radiation. 
Recent clinical trials of combined hyperthermia-radiation 
therapy have shown some promise in the treatment of various 
malignancies, including melanoma and other skin tumors [89-
91]' 
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